For many years, new techniques have been developed to overcome the problems involved with the generation and detection of ultrasound in materials at high temperature [1, 2] . A non-contacting technique is described using lasers to generate and detect ultrasound and which can be used to study the variation in acoustic velocity as a function of temperature. Results are presented for the change in longitudinal velocity (v£) with increasing temperature in five polycrystalline materials, namely Dural, aluminum, AISI-3l0 stainless steel, iron and graphite.
EXPERIMENTAL TECHNIQUE
The experimental arrangement is illustrated in Fig 1. A Q-switched Nd:YAG laser, having typically 65 mJ of energy in a 20 ns pulse, was partially focussed onto the surface of ~Rmm thick x 19mm diameter samples. The ultrasound produced was monitored on the opposite face of the sample, on epicentre, with a modified Michelson interferometer [3] . A Tektronix 79l2AD digitiser, triggered from the laser pulse via a fast photodiode and a delay line, was used to capture the waveforms which consisted of a brief longitudinal (L) pulse followed by a shear (S) step and subsequent echoes. The resulting'signals were processed and stored on a Tektronix MS4l01 mini-computer. The delay was set at slightly less than the L arrival time. This enabled the brief acoustic transients to be accurately digitised using a fast sweep speed providing good time resolution.
The samp!is were mounted within a vacuum furnace with the pressure kept below 10 torr during the measurements. The temperature was controlled and measured using two chromel-alumel (~i/Cr-Ni/Al) thermocouples. One thermocouple, connected to a Eurotherm type-02l temperature controller, was used to regulate Lindberg 73-KS heating units designed to produce a uniform temperature over a cylindrical volume 100mm long and 30mm in diameter. The second ice-point referenced thermocouple, situated in a stainless steel sample holder (at the center of the heater) less than lmm from the sample, was used to monitor the sample temperature with an absolute accuracy of ±5 °C. Laser access to the sample was provided by a quartz window at each end of the furnace. Accurate alignment of the furnace with the interferometer was possihle using translation adjustment mechanisms designed into the furnace. The sample thickness must be accurately known in order to calculate the velocity from the measured arrival times. It was measured at room temperature using a micrometer accurate to ±1~m and the appropriate corrections for thermal expansion were made for the high temperature results for the metallic samples [4, 51 . The data for graphite has not been corrected because of numerous types of graphite and scarcity of published thermal expansion data. The method adopted for calculating the arrival time of the longitudinal pulse has been to measure the time between firing the laser and the time corresponding to 10% of the peak height on its rising edge. This was consistent with timing measurements between the direct L-pulse and the first L-echo, the former method being preferable as it permitted greater relative precision. Figure 2 . shows typical waveforms obtained for Dural at room temperature and at 509 U c on 5~s and 500 ns timescales. In all cases the digitiser was triggered after the same fixed delay. The change in arrival time, associated with a decrease in velocity with increasing temperature, can be seen for both the Land S transients. The longitudinal arrival was also studied with greater precision as illustrated by the shorter timescale traces. The 5~s traces show the direct L pulse and a downstep associated with the direct S arrival, followed by the first longitudinal echo and side wall reflections. It is interesting to note that the gradient of the waveform between the direct Land S pulses increases with temperature, this being indicative of enhanced normal force drive at the acoustic source. At the sample temperature increases less energy is required to form a plasma and more of the laser energy is available for plasma heating thereby prolonging the normal impulse imparted to the sample. This effect was observed for all the metals studied and reverses on cooling. and the gradient are in agreement with values measured at room temperature and below using a pulse echo overlap technique with a 15 MHz X-cut quartz transducer bonded to a similar sample. Above the Debye temperature of 145 °C [6] , the dependence of va on temperature would be expected to be approximately linear, provided that no phase transitions occur. However, above 350 °C the gradient steepens as the temperature approaches the melting point of = 560oC.
DURAL AND ALUMINUM
The variation in v t with temperature for a 99.999% pure aluminum sample is shown in Fig. 4 . As expected v t decreases as the temperature_is increased. The absolute value of Vt at room temperature is 6402 ± 64 ms which is in accord with published values [7] . Again the gradient steepens as the melting point (660 °C) is approached. <n .. ) shows the vR, versus temperature for the iron samples. The room temperature value of 5994 ± 60 ms-l a~fees with the value given by Kaye and Laby [7] for soft iron of 5957 ms • The Debye temperature for iron is ~194 °c [4] and so one might expect linearity, however iron is ferromagnetic below its Curie temperature (~768 °C) and will gradually "soften" as the spontaneous magnetism decreases on heating. The velocity decrease increases as the Curie point is approached, a feature which has also been seen for AISI-IOI8 ferritic steel [8] . In the ferromagnetic state, the material effectively has additional forces contributing to the material rigidity. At the Curie temperature the magnetic order is destroyed by thermal agitation and the sample becomes less rigid. Above the Curie temperature iron becomes paramagnetic the curve is again linear until a discontinuous increase in velocity is seen at ~910 °C. This anomalous variation in vR, at ~910 °c corresponds to the ferrite (bee) to austenite (fcc) crystallographic phase transformation. 
IRON
A number of results for the metallic materials show slight broadening of the high temperature pulse, indicating increased attenuation and scattering of the high frequency components within the material [9] . This effect has been most noticeable in a mild steel sample ( fig. 8.) , where the longitudinal pulse width at 800 °c is almost twice that at room temperature. Figure 9 . shows typical waveforms for the "isotropic" graphite sample (formed of a random aggregate of crystallit3s which themselves are highly anisotropic) at temperatures of 18 and 702 C. The longitudinal pulses are much broader than those in the metals, and for this reason had to be captured on much longer time scales. Since graphite is a good electrical conductor, the skin depth in which the laser energy is absorbed was comparable to that in the case of a metal. Therefore in-depth absorption does not account for the broadening which is more likely to be caused by, either attenuation of the high frequency components, scattering from the grains, or dispersion within the individual highly anisotropic grains.
GRAPHITE
In contrast to the metals discussed above, vtoincreases by approximately 2% over a temperature range of ~700 C. Faris et. al. [10] found similar behaviour for their Young's modulus measurements on SA-25 "isotropic" pyrolitic graphite and also did not correct for thermal expansion. In uniaxial anisotropic solids like graphite, it is known that the thermal expansion coefficients parallel and perpendicular to the basal plane differ markedly plane [6] . Expansion along the c-axis can be accompanied by a contraction in the basal plane, resulting in a net contraction. This anisotropy has been studied in pyrolytic graphite by Bailey and Yates [11] , and may account for the anomalous velocity behaviour reported here. 
Conclusion
A totally remote laser technique has been used to generate and detect ultrasound in materials at temperatures of up to 1000 °C. The technique has sufficient resolution to study the temperature dependence of longitudinal velocity with an absolute accuracy of ±1% and relative accuracies of better than 0.1%. Inserting the appropriate delay and altering the laser power density to generate more distinct shear transients would allow the technique to be used for shear velocity measurements.
These results have been obtained on samples that have a reflecting surface permitting detection using a 5 row He-Ne laser interferomeer. The need for a reflecting surface is a limitation, but we note that technological developments by Monchalin et.al. [12] and Paul et.al. [13] have produced interferometers which can detect acoustic events on machined and even rough surfaces. Thus we believe that laser acoustic generation and detection is a promising technique for the characterization of material at elevated temperature.
In addition, it would seem feasible to measure the frequency dependence of attenuation and its variation with temperature, due to the broadband nature of both generator and receiver.
